Electrical signals generated by nerve cells provide the basis of brain function. While single or small numbers of cells are easily accessible using microelectrode recording techniques, less invasive optogenetic methods with spectral properties optimized for in vivo imaging are required for elucidating the operation mechanisms of neuronal circuits composed of large numbers of neurons originating from heterogeneous populations. To this end, we generated and characterized a new series of genetically-encoded voltage sensitive fluorescent proteins by molecular fusion of the voltage sensing domain of Ci-VSP (Ciona intestinalis voltage sensor-containing phosphatase) to red-shifted fluorescent protein operands. We show how these indicator proteins convert voltage-dependent structural rearrangements into a modulation of fluorescence output and demonstrate their applicability for optical recording of individual or simultaneous electrical signals in cultured hippocampal neurons, at single cell resolution without temporal averaging.
Introduction
One of the most outstanding challenges of life sciences is to unravel the operation of complex neuronal networks in the mammalian brain. Patterns of electrical activity in large populations of nerve cells such as coherent oscillations and chains of synchronous firing (Buzsaki and Draguhn, 2004; Buzsaki, 2004; Cossart et al., 2005) cannot be investigated at the single cell level. Unraveling such population activities requires an experimental method allowing for noninvasive and simultaneous recordings of electrical activity from large populations of selected cells of known identity. This premise motivated the development of fluorescent protein-based reporters for membrane potential (Knöpfel et al., 2006; Perron et al., 2009 ).
The design of first generation genetically-encoded voltage indicators was based on fusions between naturally occurring voltage-dependent ion channels and fluorescent proteins (Siegel and Isacoff, 1997; Sakai et al., 2001; Ataka and Pieribone, 2002) . A subsequent more advanced second generation of probes exploited the voltage sensing domain of the non-ion channel protein Ciona intestinalis voltage sensor-containing phosphatase (Ci-VSP) (Murata et al., 2005) leading to sensors, termed VSFP2s, with improved targeting to the cell surface and reliable responsiveness to membrane potential signaling in mammalian cells (Dimitrov et al., 2007; Lundby et al., 2008; Tsutsui et al., 2008; Mutoh et al., 2009) . While VSFP2s were designed to utilize FRET as a reporting mechanism for protein conformational rearrangements, an alternative scaffold, termed VSFP3.1, employs a voltage-dependent modulation in the fluorescence intensity of a monochromatic FP reporter (Lundby et al., 2008) .
Development of next generation voltage reporters with higher sensitivity, faster kinetics and optimized spectral properties is nonetheless highly desirable and likely to be achievable. Further progress requires reverse engineering in order to clarify the voltage sensing mechanism of existing prototypic probes and forward engineering based on structure-function information and newly available fluorescent reporter proteins.
Elucidating the structure of voltage-gated ion channels and relating this information to voltagesensing mechanism has been an ambitious goal over the last several decades. Recent progress in this field resulted from the investigation of the voltage-dependent phosphatase Ci-VSP whose voltage sensor domain is devoid of several complications associated with multiunit voltage-gated ion channels due to its self-contained properties (Murata et al., 2005; Kohout et al., 2008) . In particular, the voltage sensing domain of Ci-VSP was shown to undergo a biphasic conformational rearrangement (Villalba-Galea et al., 2008) which correlates with the fast and slow fluorescence response component of Ci-VSP-based fluorescent voltage reporters (Lundby et al., 2008; Mutoh et al., 2009; Villalba-Galea et al., 2009 ).
Forward engineering of FP-based sensors is further facilitated by a large body of structural and photophysical knowledge related to new and improved versions of Aequorea victoria GFP and GFP-like proteins (Verkhusha and Lukyanov, 2004; Shaner et al., 2007; Pakhomov and Martynov, 2008) . Particularly, great efforts have been focused on developing and characterizing monomeric variants of orange-and red-emitting FPs derived from Discosoma sp. and Enctacmaea quadricolor, namely mOrange2 (Shaner et al., 2008) , TagRFP and mKate Shcherbo et al., 2009 ). These are of particular interest as far-red fluorescence provides better spectral separation from green tissue autofluorescence in addition to larger effective light penetration for deep tissue imaging using two-photon excitation microscopy.
Herein, we took advantage of these newly available FPs with particular emphasis on red-shifted variants to spectrally tune our VSFP3.1 sensor by generating a new series of monochromatic FP-based voltage-sensitive probes with spectral variants spanning the yellow to far-red region of the visible light spectrum. These color variants exhibited distinct voltage-sensing properties which could be explained by a different contribution of the fast versus slow kinetic components associated with their fluorescence response. Testing of the most promising VSFP3.1 variant in hippocampal neurons showed reliable report of individual and simultaneous electrical signals at the single cell level without temporal averaging. Most importantly, this study establishes a conceptual platform for directed development of enhanced VSFPs based on monochromatic FPs.
Results
Design and generation of VSFP3.1 spectral variants VSFP3.1 was originally obtained by deleting the acceptor chromophore from the cyan/yellowemitting VSFP2.1 voltage sensor to take advantage of a FRET independent component in its voltage sensing response (Lundby et al., 2008) (Figure 1A ). While this new scaffold offered the promise of fast fluorescence readouts, the voltage sensing mechanism of this monochromatic reporter protein remained unknown. Furthermore, the photophysical properties of Cerulean are less than ideal for live-cell fluorescence imaging due to its low fluorescence quantum yield, spectral overlap with tissue autofluorescence and low photostability (Shaner et al., 2007; Shaner et al., 2005) . In order to address these issues, we generated a new series of fusion proteins by replacing the FP reporter in VSFP3.1 with Citrine, a yellow-emitting variant of Aequorea victoria GFP with reduced sensitivity to pH (Griesbeck et al., 2001) or with bright and photostable Anthozoan GFP-like proteins emitting in the orange (mOrange2 (Shaner et al., 2008) ) and red (TagRFP and mKate2 (Shcherbo et al., 2009 )) regions of the spectrum ( Figure 1B ). The alignment of the amino acid sequences of the fluorescent reporter proteins used in this study is illustrated in Figure S1 .
Expression and voltage-sensing response of VSFP3.1 color variants in PC12 cells
The newly generated VSFP3.1 spectral variants were first examined for their distribution pattern in transfected PC12 cells by confocal fluorescence microscopy. As illustrated in Figure  2A , all of the constructs were found to be both fluorescent and targeted to the plasma membrane, albeit with different efficiencies. Most notably, VSFP3.1_mOrange2 and VSFP3.1_mKate2 displayed bright fluorescence with prominent targeting to the plasma membrane. Similarly, VSFP3.1_Citrine and VSFP3.1_TagRFP were largely found at the cell surface, together with a small intracellular fluorescence component associated with a juxtanuclear structure as observed with the original Cerulean-based VSFP3.1.
Each of the new constructs were then tested for the modulation of their fluorescence output upon depolarization in transfected PC12 cells. As shown in Figure 2B , all VSFP3.1 spectral variants were voltage sensitive and exhibited a biphasic decrease in their fluorescence yields in response to depolarizing test potentials as previously reported for VSFP3.1 (Lundby et al., 2008) .
Kinetics of voltage-dependent fluorescence signals
The kinetic properties of VSFP3.1 spectral variants were then thoroughly investigated with a standardized voltage clamp protocol and analysis scheme as illustrated for VSFP3.1_mOrange2 in Figure 3 . Membrane voltage was stepped from a holding level of −70 mV to test potentials ranging from −140 to 60 mV in 40 mV increments ( Figure 3A) . Analysis of averaged fluorescence transients indicated that both ON (onset of response to voltage change) and OFF (return to baseline levels) responses could not be accurately approximated by a single exponential fit but were well fitted with a double exponential function to the first 150 ms following the change in command potential ( Figure 3B ). Time constants corresponding to the fast and slow components associated with the ON and OFF responses were plotted as a function of step voltage as shown in Figure 3C and 3E, respectively. Fitting of these curves with Boltzmann functions revealed the half-maximal response potential (V 1/2 ) for the fast, slow and total components of the fluorescence signal ( Figure 3D and 3F) . Interestingly, the fast ON time constant displayed a clear maximum around V 1/2 , consistent with the notion that it is directly reporting the voltage-dependent charge displacement (sensing currents) within the VSD (Villalba-Galea et al., 2008; Villalba-Galea et al., 2009) . Furthermore, the slow OFF time component was rather insensitive to membrane voltage as expected from its role in tracking the voltage-independent relaxation of the activated VSD (Villalba-Galea et al., 2008; VillalbaGalea et al., 2009 ). Likewise, voltage-clamp fluorometric measurements were conducted for VSFP3.1_Cerulean ( Figure S2 ), VSFP3.1_Citrine ( Figure S3 ), VSFP3.1_TagRFP ( Figure S4 ), and VSFP3.1_mKate2 ( Figure S5 ) and calculated parameters for ON and OFF response properties are summarized in Table 1 and S1, respectively. This analysis indicated that the response kinetics of the VSFP3.1 color variants could be described by relatively similar ON and OFF time constants as well as comparable V 1/2 values. However, the spectral variants exhibited clear differences in the relative contribution of the fast and slow components associated with their ON and OFF time fluorescence readouts. As detailed in the discussion, these two response components correspond to two distinct structural transitions within the VSD of Ci-VSP.
The voltage-dependent modulation of fluorescence is not caused by depolarization-induced pH changes
Changes in membrane potential can cause changes in local pH and, indeed, physiological pH changes might become problematic for the interpretation of signals from GFP-derived sensors (Kneen et al., 1998) . This issue might particularly be important for fluorescent proteins with a pK a close to physiological values which could possibly report pH-dependent fluctuations in absorption and quantum yield rather than depolarization-induced conformational changes. In order to clarify that the fluorescent signal observed with VSFP3.1-based sensors is caused by voltage-dependent structural rearrangements in the VSD rather than local pH changes, we generated a VSFP3.1-mOrange2 variant wherein the neutral glutamine at position 217 of the VSD was reversed to the native arginine (Q217R). We previously showed that this mutation cause a rightward shift of the voltage-activity curve to positive values (Dimitrov et al., 2007) . We decided on mOrange2 as a fluorescent reporter protein for this voltage-shifted sensor since its pK a value (6.5; Shaner et al., 2008) is the highest among the FP selected in this study. As shown in Figure 4 , VSFP3.1_mOrange2(R217Q) and VSFP3.1_mOrange2(Q217R) exhibited different fluorescence responses to test potentials. Indeed, VSFP3.1_mOrange2(Q217R) ( Figure 4B ) did not show any change in fluorescence for voltage values lower than the holding potential (−70 mV) while VSFP3.1_mOrange2(R217Q) ( Figure 4A ) showed a clear increase in fluorescence intensity for −100 and −140 mV step potentials. In addition, VSFP3.1_mOrange2(Q217R) fluorescence did not reach a plateau at 20 mV (as opposed to VSFP3.1_mOrange2(R217Q)) but kept on decreasing until 100 mV ( Figure 4C ), indicating that the fluorescence signal of mOrange2 reflects the voltage-dependent structural rearrangement of the VSD rather than voltage-dependent fluctuations in local pH, which should not be affected by the Q217R point mutation. Furthermore, a similar voltage-clamp protocol carried out in PC12 cells loaded with SNARF, a fluorescent pH indicator, did not resolve any changes in intracellular pH during the 500 ms-depolarizing pulses under our recording conditions (data not shown).
Performance of probes for optical recordings of neuronal electrical activity
The primary purpose of this study was to shed light on the mechanism of monochromatic FP voltage-sensitive probes and to expand the spectral range of the currently available VSFPs. As a result of this work, we generated several promising new membrane voltage reporters. To evaluate the potential of these probes for optical recordings of neuronal activity, we first validated the expression pattern of VSFP3.1_Citrine, VSFP3.1_TagRFP, VSFP3.1_mKate2 and VSFP3.1_mOrange2 in transfected neurons from mouse hippocampal cultures. As shown in Figure 5 , confocal fluorescence imaging revealed that the fluorescence of these red-shifted VSFP3.1 voltage sensors was distributed over the cell body, dendrites and axons of a variety of neurons including pyramidal cells. It was also evident that their brightness and contrast against intrinsic background autofluorescence was significantly higher than what was previously reported for the Cerulean-based VSFP3.1 prototype . As in PC12 cells, VSFP3.1_mOrange2 ( Figure 5D ), VSFP3.1_TagRFP ( Figure 5B ) and VSFP3.1_mKate2 ( Figure 5C ) exhibited efficient targeting to the plasma membrane. Although VSFP3.1_mCitrine ( Figure 5A ) fluorescence was mainly found at the cell surface, some fluorescence was also evident intracellularly within a perinuclear structure as observed with VSFP3.1_Cerulean .
A critical benchmark for a voltage-sensitive fluorescent probe suitable for the investigation of neuronal circuit function is its ability to resolve activity at the single cell level without averaging over repetitive time sweeps. Based on its advantageous spectral properties, high dynamic range of its fluorescence signal and relatively fast response kinetics (Table 1 and S1), we chose VSFP3.1_mOrange2 for this benchmark experiment. Hippocampal VSFP3.1_mOrange2-expressing neurons were patch-clamped so that their electrical activity could be monitored by a microelectrode simultaneously with the optical recordings. Hippocampal neurons grown in dissociated cultures are known to develop intrinsic network activity characterized by a high rate of synchronized spontaneous events after 7 days in vitro (Cohen et al., 2008) . As illustrated in Figure 5E , VSFP3.1_mOrange2 clearly reported spontaneous bursting activities (upper traces, Figure 5E ), but also synaptic events underlying single action potentials (asterisks; lower traces, Figure 5E ). Among these membrane potential fluctuations, the optical signal showed deflections that were larger with action potential bursts but are still resolvable in a single sweep even when the suprathreshold depolarizations trigger only one action potential. As expected form the prevalence of the slower component of the VSFP3.1_mOrange2 voltage response, these optical signals predominantly reflected slower voltage transients associated with synaptic event rather than the time course of fast action potential. Notably, cortical cells recorded in living animals exhibit spontaneous activities reflecting either intrinsic network dynamics or sensory-induced responses, that comprise similar slow synaptically triggered membrane depolarization events that eventually trigger action potentials (see for example Manns et al, 2004; Crochet and Petersen, 2006) ). Because of the relatively small contribution of the faster VSFP3.1_mOrange2 response time constant, this probe efficiently reports subthreshold membrane potential fluctuations and, accordingly, provides a readout complementary to that obtained with calcium-sensitive dyes which preferentially report action potential spiking activities. For experiments where a separation of action potentials from slower synaptically driven voltage transients is desirable, VSFP3.1_Cerulean may be an alternative choice as this voltage probe variant's fast response time constant predominates over it's slower counterpart However, this variant is not red-shifted.
To verify that these optical signals are detectable with spatial resolution, we used an imaging system comprising a CCD camera mounted on an inverted microscope for fluorescence detection. In this set of experiments, we imaged fields of view from hippocampal cultures containing several transfected neurons wherein one of them was patch-clamped to record spontaneous electrical activity. In the example shown in Figure 6 , a patch-clamped neuron expressing VSFP3.1_mOrange2 (see position of electrode in Figure 6A , upper panel) exhibited large spontaneously occurring excitatory synaptic potentials resulting in one or two action potentials. Fluorescence time course traces sampled over the soma of the cell (area of interest 1; Figure 6A ) demonstrated a strong correlation with the microelectrode signals ( Figure 6B -D). Similar responses were also observed in the optical signals sampled from distal dendritic branches (area of interest 2; Figure 6A ), highlighting the feasibility to record optical signals form cellular compartments that are normally difficult to access with microelectrodes. Moreover, optical signals sampled from neighboring cells (area of interest 3; Figure 6A ) revealed that the spontaneous activities measured in these hippocampal cultures likely represents synchronized network activity (Cohen et al., 2008) . Thus, the VSFP3.1_mOrange2 genetically-encoded optical probe allows both for individual and simultaneous voltage imaging of neuronal network activities at the single-or multiple-cell optical resolution level in monolayer neuron cultures.
Discussion
By using a reverse engineering approach based on FPs with optimized photophysical properties, we have generated and characterized a novel series of red-shifted variants of VSFP3.1, the Ci-VSP-based genetically-encoded voltage sensor with the fastest response kinetics reported to date (Lundby et al., 2008) . All VSFP3.1 color variants were shown to convert membrane potential variations into changes in fluorescence intensity with unexpectedly different kinetics. These discrepancies could be explained by different contributions of their voltage sensing response to the fast and slow components of a biphasic mechanism that likely reflects two major conformations in the voltage-dependent rearrangement of the VSD of Ci-VSP (Villalba-Galea et al., 2008) . The most promising variant, VSFP3.1_mOrange2, was successfully benchmarked for its use as an optical reporter for neuronal activity.
How does the VSD conformational state modulate FP output?
Monitoring membrane voltage-dependent structural rearrangements with a monochromatic FP reporter has been demonstrated more than a decade ago in the case of FlaSh, a sensor derived from the fusion of GFP to the Shaker voltage-gated K + channel (Siegel and Isacoff, 1997 ). Yet, the mechanism by which a single FP can report conformational changes of a fusion partner has remained poorly understood. In circularly permuted FPs, the β-barrel-like structure has been weakened so that the degree of collisional quenching of the chromophore is sensitive to conformational changes at the fusion interface (Baird et al., 1999; Nakai et al., 2001; Akerboom et al., 2009 ). This principle has been successfully exploited in fluorescent calcium indicator proteins (Baird et al., 1999; Nakai et al., 2001; Nagai et al., 2001; Souslova et al., 2007) . FPs with a native β-barrel structure are, however, rather resistant to forces imposed on the C-or N-termini forming the fusion interface. The fluorescence signals of VSFP3.1 variants are, therefore, more likely due to a displacement of the entire FP within a physicochemical gradient upon the depolarization-driven structural rearrangement within the VSD (Murata et al., 2005; Villalba-Galea et al., 2008) , resulting in a change in the local environment surrounding the chromophore. A similar mechanism was suggested in voltage-clamp fluorometric studies with Shaker potassium channels covalently labeled with the environment-sensitive fluorophore tetramethylrhodamine-6-maleimide (TMRM) (Mannuzzu et al., 1996; Cha and Bezanilla, 1997) . Well established physicochemical parameters known to affect fluorescence characteristics (fluorescence intensity and/or fluorescence lifetime) of FPs include pH (Kneen et al., 1998; Llopis et al., 1998) , refractive index (Suhling et al., 2002; Borst et al., 2005; van Manen et al., 2008) and membrane hydration (Verkhusha et al., 2003; Uskova et al., 2000) . We, however, exclude a VSD independent, depolarization-induced cytosolic acidification as a cause for VSFP3.1 fluorescence signals since the fluorescence readout shifted in parallel with a corresponding change in the voltage-dependency of the VSD as shown for the VSFP3.1_mOrange2 variants comprising either the neutral Q217 or native R217 arginine in the VSD.
Alternatively, the emission of the FPs could also monitor a Gouy-Chapman proton gradient at the water-protein-lipid interface upon VSD-mediated translocation (Cevc, 1990 ). This possibility is nonetheless unlikely given that there was no correlation between dynamic range of the fluorescence response and pKa within the set of probes characterized in this study ( Figure  S6 ). Although the FPs likely move from a lower (n cytoplasm = 1.35) to higher (n membrane = 1.46-1.60) refractive index and that the fluorescence decay of FPs is known to be affected by the local refractive index (Suhling et al., 2002; Borst et al., 2005) , it is, nevertheless, not known whether changes in fluorescence lifetime are associated with changes in fluorescence output of the FP species used in our study. We also exclude changes in average chromophore orientation relative to the optical axis in our measurements since our signals are spatial averages over whole cells. By exclusion of the above possibilities but without direct supportive evidence, we propose that the most conceivable mechanism underlying the voltage-dependent modulation of VSFP3.1 fluorescence is a change in hydrophobic interactions at the FP surface upon VSD-induced translocation relative to the plasma membrane. Indeed, there are several reports showing that alterations of hydrophobic interactions (e.g. during development of monomeric FP variants) can have a dramatic effect on fluorescence quantum yield (Campbell et al., 2002; Merzlyak et al., 2007) . The different kinetics and dynamic range observed among the VSFP3.1 spectral variants are consistent with different dipolar and H-bonding interactions of the fluorophore with neighboring water molecules at the cytosol/lipid interface that might result in slow and small relaxations within the FP electronic structure.
What does the fluorescent signal report?
VSFP fluorescent probes respond to membrane potential indirectly by reporting voltagedependent structural rearrangements within their VSD. Recent studies wherein florescence signals were measured simultaneously with sensing currents indicated that the fast component of the fluorescence response is related to charge displacement within the VSD of Ci-VSP while the slow component represents a relaxation of the VSD during prolonged depolarization (Villalba-Galea et al., 2008; Villalba-Galea et al., 2009 ). The thorough analysis of our several VSFP3.1 color variants presented here provides strong supporting evidence for this model. Importantly, the fast ON time constant showed a pronounced voltage dependency with peak values around V 1/2 , as expected from a direct tracking of charge motions. In all of the variants that exhibited a pronounced fast response component (e.g. VSFP3.1_Cerulean, VSFP3.1_ Citrine and VSFP3.1_mOrange2), the V 1/2 of the fast OFF time component was clearly shifted towards negative potentials as compared to the V 1/2 of the fast ON time component, which is consistent with a conformational change into the relaxed state proposed by Bezanilla and coworkers (Villalba-Galea et al., 2008) . Interestingly, VSFP3.1_TagRFP, in which the fast ON time component was small or not resolvable, did not show this voltage shift. In addition, the contribution of the fast and slow component of the fluorescence response showed clear divergences among the VSFP3.1 spectral variants. There are at least two conceivable explanations for this: (i) different FP affect the equilibrium between the active and relaxed state. This may account in particular for the slow kinetics of TagRFP-and mKate2-based VSFP3.1 variants (ii) the effectiveness in tracking the two different components of the VSD depolarization-induced structural rearrangements may differ between the FPs. This is to be expected if the fluorescence signals are caused by hydrophobic interactions specific to the surface of each FP.
Finally, VSFP3.1 colors variants exhibited slightly different kinetics. As discussed above, these discrepancies may reflect different conformation-dependent hydrophobic interactions of the protein matrix surrounding the chromophore with the membrane-cytosol interface. Alternatively, or in addition, the FP reporters used in this study might differently affect the kinetics of the VSD sensing mechanism. Indeed, recent work has shown that the phosphatase domain of the native Ci-VSP or FP fusion partners affect the kinetics of sensing currents (i.e. conformational changes) of the VSD by imposing a mechanical load (Villalba-Galea et al., 2008) . We also noted that the dynamic range calculated from the dual exponential fits of the OFF response was slightly but consistently larger than that calculated from the double exponential fits of the ON response (Table 1 and S1), suggesting an additional very slow "relaxation" that is not well captured by the first two initial time constants. Accordingly, the three-state conformational model of the VSD voltage-sensing response might be refined by including additional small time and voltage-dependent structural rearrangements tracked by the FP reporter, as suggested by this study.
Readouts of neuronal activity by VSFP3.1_mOrange2
The challenge to develop a fluorescent membrane protein suitable for high fidelity monitoring of synaptic and action potentials requires knowledge about the biophysical basis of the function of a lead scaffold. Our previous analysis based on a computational modeling approach revealed the significance of several critical features for a suitable voltage-sensitive fluorescent protein including dynamic range, V 1/2 , response kinetics and fraction of total measured fluorescence attributed to the probe targeted to the membranes of interest ). The need for minimizing background fluorescence along with kinetic constrains led us to explore the present series of red-shifted FPs in combination with the VSFP3.1 scaffold. As discussed above, analysis of this series yielded valuable reverse engineering insights. To benchmark the present advance in terms of future neurophysiological applications, we evaluated the performance of VSFP3.1_mOrange2 in primary cultured neurons. This promising new VSFP3.1 variant could not only report spontaneous electrical activity with single cell resolution but also provided reliable readouts without temporal signal averaging. Furthermore, imaging with a CCD camera highlighted the potential of fluorescent protein-based voltage probes for noninvasive and simultaneous recordings of electrical activity from populations of genetically identified neurons. These benchmarking experiments on probing neuronal signals were conducted in monolayer cell cultures. Characterization of corresponding optical signals from brain slices or living animals will require additional efforts. At present, we do not see any reason why we would not expect useful optical signals from at least synchronizing cell assemblies embedded in intact tissue. We expect that, along with the possibility to genetically target these probes to specific cell population, an optical report of neuronal activities even without resolving single cells will provide a powerful complement to optical imaging modalities that are already used for physiological experiments in vitro and in vivo.
From the perceptive of probe development, this current work constitutes an important advance in the development of optical sensors for electrical signals of neurons and provides valuable insights into our understanding of the voltage sensing mechanism related to the VSD of Ci-VSP.
Significance
Significant progress in our understanding of neuronal network dynamics underlying brain function requires the ability to monitor the activity of a large number of neurons simultaneously. Optical methods based on fluorescent probes can provide a methodological solution to this problem. More recently, genetically-encoded probes have been designed to target specific cell types. Among this class of probes, voltage-sensitive reporter proteins have been particularly desired but also challenging to develop. By using a reverse engineering approach based on fluorescent proteins with optimized photophysical and biochemical properties, we shed light on the voltage sensing mechanism of VSFP3.1, the geneticallyencoded voltage reporter with the fastest fluorescence response kinetics reported to date. Further development of this probe resulted in a novel red-shifted voltage reporter protein (VSFP3.1_mOrange2) that allowed for reliable optical readouts of spontaneous electrical signals in hippocampal neurons. This current work not only constitutes an important advance in the development of optical sensors for neuronal circuit activity but also provides valuable insights into our understanding of the voltage sensing mechanism of Ci-VSP (Ciona intestinalis voltage sensor-containing phosphatase). This familiy of red-shifted voltage sensitive fluorescent proteins will facilitate experimental approaches directed toward the characterization of neuronal network dynamics and information processing in the brain.
Experimental Procedures

Construction of VSFP3.1 spectral variants
Citrine and mOrange2 were a kind gift from O. Griesbeck (Max-Panck Institute of Neurobiology, Germany) and R.Y. Tsien (University of California, USA), respectively. The cDNA coding for TagRFP and mKate2 were provided by D.M. Chudakov (ShemyakinOvchinnikov Institute of Bioorganic Chemistry, Russia) and are commercially available (Evrogen). VSFP3.1 variants were generated by first amplifying the coding sequence of Citrine, mOrange2, TagRFP and mKate2 by using different sets of sense and antisense primers comprising a NotI and HindIII site, correspondingly. A GFP-like N-terminal end was also encoded within the sense primers for increasing the tolerance to protein fusion (Shaner et al., 2004) . VSFP3.1_Citrine, VSFP3.1_mOrange2, VSFP3.1_TagRFP and VSFP3.1_mKate2 were then obtained by substituting Cerulean in VSFP3.1 with the amplified PCR fragments mentioned above by using NotI and HindIII restriction endonucleases (NEB). The R217Q mutation was introduced by site-directed mutagenesis using high fidelity PCR (PfuTurbo polymerase; Stratagene). The VSFP3.1_ mOrange2(Q217R) construct was obtained by subcloning mOrange2 into VSFP2A (Dimitrov et al., 2007) following digestion with NotI and HindIII restriction enzymes. VSFP3.1_mCitrine, VSFP3.1_mOrange2, VSFP3.1_TagRFP and VSFP3.1_mKate2 were subsequently subcloned into pEF1-Myc-HisA vector (kind gift from T. Shimogori, RIKEN BSI, Japan) for expression in primary cultures. All constructs were confirmed by sequence analysis.
Cell culture and transfection
PC12 cells were grown in Dulbecco's Modified Eagle's Medium (DMEM) supplemented with a mixture of 5% fetal calf serum/10% horse serum and plated onto poly-D-Lysine coated coverslips. Transfections were carried out 24 h after plating using Lipofectamine™ 2000 transfection reagent (Invitrogen) according to the manufacturer's instructions. Primary cultures of hippocampal neurons were prepared from E18 mouse embryos. The dissociated cells were plated on coverslips precoated with poly-D-lysine/poly-L-ornithine and maintained in Neurobasal medium supplemented with 3.9 mM L-Glutamine, 1% B-27, 1.5% horse serum and 25% conditioned medium (Sumitomo). Cells were transfected 6 days after plating using Lipofectamine™ 2000 transfection reagent. Experiments with PC12 cells and hippocampal neurons were performed 48 hours and 8-9 days after transfection, correspondingly. Confocal laser scanning microscopy was performed using the C1 spectral imaging system (Eclipse C1Si, Nikon) equipped with 40× (NA 0.75) and 60× (NA 0.85) water immersion objectives. Imaging was carried out using a 440-nm diode laser (VSFP3.1), a 488-nm argon laser (VSFP3.1_Citrine) or a 543-nm He-Ne laser (VSFP3.1_mOrange2/VSFP3.1_ TagRFP/ VSFP3.1_mKate2). Fluorescence images were processed using Image-Pro 6.0 software.
Optical imaging and electrophysiology
Coverslips with transfected cells were placed in a recording chamber mounted on the stage of an inverted microscope (Eclipse TE2000-U, Nikon) and whole-cell voltage clamp recordings were performed using an Axopatch 200B amplifier (Axon Instruments). Borosilicate glass electrodes of a resistance of 3-5 MΩ were pulled on a two-stage vertical puller (PP-830; Narishige). Recordings were performed in a perfused chamber at 35°C. (A) Schematic representation of the VSFP3.1 original prototype wherein a cyan-emitting FP is attached to the VSD of Ci-VSP. (B) Emission spectra of the fluorescent reporter proteins used to generate the VSFP3.1 spectral variants. Curves are shown with the color corresponding to each spectral variant: Cerulean (cyan), Citrine (yellow), mOrange2 (orange), TagRFP (red) and mKate2 (burgundy). The emission spectra of Cerulean, Citrine and mOrange2 were taken from the Tsien lab website (tsienlab.ucsd.edu/Documents.htm). TagRFP and mKate2 emission spectra were obtained from Evrogen website (evrogen.com). Chem Biol. Author manuscript; available in PMC 2010 December 24.
